Recently, titanium casting technology has attracted attention in the industrial fields. Since the casting metals involve various kinds of residual stresses due to heat shrinkage, inclusion particles and so on, the accurate estimation of residual stresses is desired in the engineering field. The aim of the present study is to evaluate the nondestructive stress of titanium casting material by X-ray stress measurement. The sin 2 ψ method for the usual X-ray stress measurement was used to evaluate the residual stresses. However, it was unsuitable for the measurement of titanium casting materials because of their coarse grains. Therefore, the single crystal X-ray diffraction method was employed for the present system. From the present investigation, the method for single crystal systems could be applied to the residual stress measurement.
INTRODUCTION
Titanium has several advantageous properties, such as high strength, thermal and corrosion resistance, and light weight. Due to these properties, the demand for titanium is expected to rise in the future. Casting technology is an effective method to produce engineering parts from titanium. However, casting generates residual stresses within a body due to non-uniform cooling rate. Since the residual stresses influence the mechanical properties of casting materials, residual stress measurement becomes important. This study aimed to provide the nondestructive stress evaluation of titanium casting materials using a X-ray stress measurement technique. There is currently little in the literature about X-ray stress measurement of titanium. It has been observed that a large X-ray absorption and a hexagonal closed packed (HCP) crystal system of titanium results in weak diffraction intensities. A large grain size in the casting body is another difficulty for X-ray stress measurement. Experimental approaches for X-ray stress measurements of a single crystal specimen or an individual grain of a polycrystalline specimen had already been developed by several researchers [1] [2] [3] . In the present study, we measured the stresses of individual grains appeared on the surface of a titanium cast sample. The X-ray stress measurement method for single crystal system was used instead of the sin 2 ψ method. A three-axis sample table was prepared for the flexible measurement of X-ray diffraction. After determining the crystal orientation, lattice strains at independent poles of hkl diffraction were measured and then residual stresses were calculated from the theory of elasticity.
SAMPLE PREPARATION
The measuring sample is Ti-6Al-4V alloy manufactured by vacuum casting. After buff polishing and chemical etching, coarse crystal grains were observed on the surface of sample as shown in Fig. 1 . Table 1 shows the composition of the etching solution. 
PRINCIPLE OF SINGLE CRYSTAL STRESS MEASUREMENT BY X-RAY DIFFRACTION
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Fig. 2 defines three types of the Cartesian coordinate system, sample coordinate P i , laboratory coordinate L i , and crystal coordinate C i. . P 3 is coincident with the surface normal to the sample and L 3 defines the normal to the diffraction plane. ε 33 L is the normal strain measured along the L 3 direction by X-ray diffraction. Fig. 3 shows the relationships between the three types of the coordinates system. where π, γ and ω are the directional cosines between coordinate axes. Fig. 2 Relation among three coordinate systems.
Sample system Fig. 3 Relation of the transformation matrices.
The normal strain ε 33 L in L 3 direction is written as ε ij C in crystal coordinate C i by the following equation: 
In the HCP system, the stress-strain relation is described as follows 5) using the elastic compliances S ij . 
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Having three ε 33 L values in the independent direction, the stress components σ As indicated in Fig.4, the HCP crystal coordinate system (a 1 , a 2 , c) is different from the Cartesian coordinate system (x 1 , x 2 , x 3 ). Therefore, the HCP coordinate system should be changed to the Cartesian coordinate system. Eq. (5) shows the transformation from Miller indices (hkl) in the HCP system to the Cartesian coordinate system (HKL). By the same meaning, eq. (6) is the direction indices, where λ= c/a is the lattice parameter ratio of the crystal system.
: direction indices (6) The direction cosines of the coordinate transformation between L 3 and C i are defined by γ 3k . When diffraction plane is shown by HKL, γ 3k is described in the following equations:
Furthermore, the direction cosines of the coordinate transformation between P i and C i are defined by π ij . We then define four angles, ψ, α, φ and β, as shown in Fig.5 . ψ and α determine the angle between the surface normal and C 3 axis and φ is the rotating angle around C 3 axis. β is defined as the following equation:
Finally, the directional cosine matrix π ij is described as follows: 
EXPERIMENTAL PROCEDURE
In the present study, the Schulz reflection method was used to produce a stereographic diagram. 6) This method requires a three-axis sample table which allows a rotation of the sample about surface normal axis and horizontal axis. Three axes are the ψ, χ and θ-2θ as shown in Fig. 6 . The three axes ψ, χ and θ-2θ intersect each other at a point on the sample surface. This point also coincides with the irradiation position of X-ray beams. At first, a stereographic diagram was measured by rotating the sample table. Fig. 7 shows the stereographic diagram measured in the near-edge region on the surface of sample. The described poles are consistent with two crystals existing in the irradiation area. Fig. 8 shows an enlarged view of the stereographic diagram and diffraction profiles of θ-2θ scan at each pole. The plane indices are specified at each pole, and peak positions are determined from the profiles. The X-ray stress measurement is based on the Bragg's law (eq. (10)):
where λ is the X-ray wavelength, d the interplanar spacing and θ the diffraction angle. We evaluate the interplanar spacings by measuring diffraction angles. Lattice strain is then calculated from the following equation:
where d 0 is the stress free lattice spacing, d the lattice spacing measured by X-ray diffraction. Finally, the stress components are calculated by eq. (4). If we have three strains corresponding to independent three poles, the stress components σ 11 , σ 22 and σ 12 are calculated by the simultaneous equation. If more than three poles exist, the multiple linear regression analysis is used for the determination of the three components. Conditions of X-ray stress measurement and the elastic compliances of titanium are shown in Table 2 and Table 3 7)
, respectively. Fig. 9 and 10 show the results of residual stresses σ 11 and σ 22 in each crystal which exists on the sample surface, respectively. One data point corresponds to the stress in one crystal. Different stresses shown by one to four data points at the individual distance from the center indicate that the stress is different from one crystal to another even in one irradiated area. (a) σ 11 (b) σ 22 Fig. 11 Model of residual stress distribution in a homogeneous casting metal with fine grains. Fig. 11 shows a model of residual stress distribution in a homogeneous casting metal with fine grains. In the process of solidification, the outer part first begins to solidify and then the inner part solidifies. Due to the different cooling rate between the outer part and the inner part, the hoop residual stress, σ 22 , of the outer part becomes compressive and that of the inner part becomes tensile as shown in Fig. 11(b) . The radial residual stress, σ 11 , at the edge of the specimen must be zero and the stress at the center must be the same as the hoop residual stress. Therefore, tensile stresses distribute from the center to the edge as shown in Fig. 11(a) . Usually, no shear stresses should exist in the surface. However, the present results on a coarse grained sample shows that the stress in each grain does not obey the normal distribution like the model. Furthermore, Fig. 12 shows the non-zero shear stress distribution. The shear stresses in each crystal are different from the stresses in other crystals. The results obtained in this study suggest that the individual grains of large size exhibit a different stress state both in the magnitude and the direction of the principle axis as shown in Fig. 12 . The state of different stresses in different grains of a polycrystalline material is expressed as Heyn stress 8) or the intergranular stress. The present experimental results are a typical case of the intergranular stress 9) . Similar results were obtained in case of pure iron that had been plastically elongated by 3 %. 
EXPERIMENTAL RESULTS AND DISCUSSIONS
CONCLUSIONS
Residual stresses in a titanium casting material composed of coarse grains were measured by the X-ray technique for single crystal materials. The conclusions are as follows: 1. The X-ray stress measurement method for a single crystal system is formalized to measure residual stresses in an HCP crystal. 2. Even in the irradiated area, the residual stresses are different in each crystal. Furthermore, the direction of principal axis is different in each crystal.
